and that OAG, a direct activator of C-kinase, induces not only protein (de)phosphorylation but also superoxide production in human neutrophils (Fujita et al., 1984) . These results suggest that the activation of C-kinase and the resultant protein (de)phosphorylation are involved in the induction of superoxide producing activity. It has been suggested that PMA and OAG activate C-kinase directly, followed by protein (de)phosphorylation which induces, in turn, superoxide production (Fujita et al., 1984; Irita, Takeshige and Minakami, 1984a) . Mobilization of intracellular calcium is also essential for the induction of superoxide-producing activity in neutrophils stimulated by PMA (Nakagawara et al., 1984; Sumimoto, Takeshiga and Minakami, 1984) . The proposed mechanism for the induction of NADPH oxidase in cells stimulated by PMA or OAG is illustrated in figure 1. Local anaesthetics were reported to inhibit superoxide production in neutrophils. Goldstein and colleagues (1977) observed that amethocaine inhibited superoxide production in human neutrophils stimulated by serum-opsonized zymosan (IC S0 = 0.5 mmol litre" 1 ). Cohen, Chovaniec and Ellis (1980) also showed that amethocaine and lignocaine inhibited superoxide production of guineapig peritoneal neutrophils stimulated by digitonin(IC 60 = 0.35 and 5 mmol litre" 1 , respectively). Although the inhibitory mechanisms involved have never been understood, local anaesthetics were shown to inhibit C-kinase in vitro (Mori et al., 1980; Schatzman, Wise and Kuo, 1981) . Local anaesthetics are also known to displace intracellular calcium (Low et al., 1979; Volpi et al., 1983; Norlund and Sehlin, 1983) . This paper describes the effects of the local anaesthetics, cinchocaine and amethocaine, on protein (de)phosphory lation in human neutrophils. We further examined their effects on mobilization of membrane-associated calcium and NADPH oxidase.
C-klnaee_ (Inactive)
.
MATERIALS AND METHODS

Materials
Cinchocaine was purchased from Sigma; amethocaine was a generous gift from BoehringerIngerheim. Other materials were obtained as described elsewhere (Takeshige et al., 1980; Nakamura, Baxter and Masters, 1981; Fujita et al., 1984) .
Cell preparation
Human neutrophils were isolated from ACDvenous blood from eight healthy volunteers as described previously , and suspended in buffered saline consisting of sodium chloride 135 mmol litre" 1 , potassium chloride 5 mmol litre" 1 , glucose 2 mmol litre" 1 and 4-(2-hydroxyethyl)-l-piperazineethane sulphonic acid (Hepes)-NaOH 20 mmol litre" 1 (pH 7.4).
Assay of superoxide production
Cellular activity for production of superoxide was monitored on assay for superoxide using the reduction of cytochrome c in a buffered saline as described previously .
Protein {de)phosphorylation
Protein (de)phosphorylation in intact cells was determined by two-dimensional gel electrophoresis, followed by autoradiography (Irita, Takeshige and Minakami, 1984a) .
Mobilization of membrane-associated calcium
Mobilization of membrane-associated calcium was determined by the change of fluorescence of chlortetracycline (CTC)-loaded neutrophils (Takeshige et al., 1980) . Neutrophils (1 x 10 7 cells ml" 1 ) were incubated for 20 min at 37 °C in a buffered saline containing CTC 0.1 mmol litre" 1 and calcium chloride 1 mmol litre" 1 , washed once, resuspended in a buffered saline containing CTC 0.1 mmol litre" 1 and calcium chloride 1 mmol litre" 1 and transferred to a Shimazu spectrofluorophotometer RF 500 with a constant temperature cuvette holder (37 °C).
Assay of NADPH oxidase activity
The activity of NADPH oxidase was measured simultanaeously with superoxide production induced by PMA 100 ng ml" 1 (Nakamura, Baxter and Masters, 1981) . Cellular activity that produced superoxide (3 x 10* cells ml" 1 ) was monitored at 25 °C in a buffered saline containing magnesium chloride 1 mmol litre"
1 . When the activity reached a maximum, 0.05 % Renex 30 and sodium azide 10 mmol litre" 1 were added to the mixture. The activity of oxidase was assayed by adding NADPH 0.15 mmol litre" 1 50 s after the addition of Renex 30. The activity was assessed at the superoxide dismutase(SOD)-innibitable cytochrome c reduction. The cells were preincubated for 5 min at 37 °C in a thermostatically controlled cuvene which was placed in a Hitachi 556 dual-wavelength spectrophotometer. The reaction was started by the addition of PMA at the final concentration of 100 ng ml"
1 . The absorbency change at 550 nm in reference to 540 nm was followed on a recorder, a = Control cells; b, c, d, e = with cinchocaine 0.15,0.2,0.3,0.5 mmol litre" 1 added 5 min before the addition of PMA; f = with cinchocaine 0.5 mmol litre" 1 added at the point indicated by an arrow. The reduction of cytochrome-c was inhibited completely by superoxide dismutase (SOD), B: Inhibition of superoxide production by cinchocaine and amethocaine. The condition were the same as described for A. The rate of superoxide production was calculated from the linear portion of cytochrome-c reduction using a molar absorption coefficient of 19.1 x 10* mol" 1 cm" 1 . Control rate for this experiment was superoxide 9.1 nmol min" 1 /!©* cells. # = Cinchocaine; A = amethocaine.
RESULTS
Superoxide production
Cinchocaine inhibited superoxide production in human neutrophils stimulated by PMA, whether it was added before stimulation or during active production ( fig. 2A ). It caused a decrease in rate without prolongation of lag time. Amethocaine inhibited superoxide production in the same manner (data not shown). Cell viability is not affected by local anaesthetics at the concentrations used (Goldstein et al., 1977) . Figure 2B shows the inhibition of superoxide production induced by various concentrations of cinchocaine and amethocaine (IC 60 = 0.2 and 0.6 mmol litre" 1 , respectively). Cinchocaine and amethocaine completely inhibited the production at concentrations of 0.5 and 1.5 mmol litre" 1 , respectively. The inhibition was not reversed by washing the cells at 37 °C. The concentrations oflocal anaesthetics which inhibited superoxide production are higher than those in the plasma which produce central nervous system toxicity.
Protein (de)phosphorylation
We examined whether local anaesthetics inhibit protein (de)phosphorylation induced by OAG. Figures 3A and 3B show that the incorporation of phosphorus-32 began to increase in at least 10 proteins and began to decrease in one, relative to resting cells, upon exposure of cells to OAG. Spot No. 10 is probably a light chain of myosin (Irita, Takeshige and Minakami, 1984b) . Among these proteins, molecular weights = 98000, 62000, 19 000 and 18 000 proteins (spots No. 2,4,6 and 10) correlated well with superoxide production in cells with respect to the time-courses and the doseresponses (Ishii et al., 1985) . These proteins were (de)phosphorylated by any stimuli examined which induced superoxide production at the concentrations used (Ishii et al., 1985) (table I) . PMA induced (de)phosphorylation of exactly the same proteins as OAG did. Both cinchocaine and amethocaine inhibited (de)phosphorylation of proteins (including the four mentioned above) at the concentration of 1 mmol litre" 1 (figs 3B, 3C and table I). There were proteins in which an increase in the incorporation of phosphorus-32 was not affected by local anaesthetics, indicating that the inhibition of protein phosphorylation was not the result of a depletion of cellular ATP (Corps, Hesketh and Metcalfe, 1982) .
Mobilization of intracellular calcium
To examine the effect of local anaesthetics on mobilization of intracellular calcium, CTC was utilized as a probe for intracellular membraneassociated calcium and its mobilization (Takeshige et al., 1980) . PMA induced a decrease of CTC-fluorescence; this decrease was inhibited by cinchocaine at concentrations which inhibited superoxide production ( fig. 4 , lines D and E), although cinchocaine 0.05 mmol litre" 1 , which did not affect superoxide production, did not affect the change in fluorescence (fig. 4, line c) . Rather, cinchocaine seemed to stabilize membrane-associated calcium, because it inhibited a spontaneous decrease of fluorescence in resting cells. The abrupt change of fluorescence after the addition of PMA does not indicate mobilization of calcium. Amethocaine also inhibited the change in fluorescence in the concentrations which inhibited superoxide production (data not shown). Local anaesthetics did not affect the fluorescence spectra of CTC-calcium complex. This observation suggests that local anaesthetics inhibit mobilization of membrane-associated calcium in neutrophils stimulated by PMA. shown). Figure 5B shows the inhibition of oxidase activity by various concentrations of cinchocaine and amethocaine (IC 60 = 0.3 and 0.9 mmol litre' 1 , respectively).
DISCUSSION
We have shown that the local anaesthetics, cinchocaine and amethocaine, inhibited either protein (de)phosphorylation and mobilization of membrane-associated calcium or NADPH oxidase activity itself. The direct inhibition of oxidase by local anaesthetics did not fully explain the inhibition of superoxide production in intact cells, because (a) IC M values for oxidase were greater than those for intact cells; (b) cinchocaine 0.5 mmol litre" 1 and amethocaine 1.5 mmol litre" 1 , -which inhibited superoxide production of intact cells-produced only about 60% inhibition of oxidase activity, and (c) the local anaesthetics did not inhibit oxidase activity completely, even in higher concentrations. The inhibition of superoxide production by local anaesthetics seems to be the result, not only of the direct inhibition of oxidase activity, but also of the inhibition of the induction. Both activation of C-kinase followed by protein (de)phosphorylation, and calcium mobilization without an increase in the cytosolic free calcium concentration are thought to play pivotal roles in the induction of superoxide production in neutrophils stimulated by PMA or OAG, although the sequence of these biochemical events in signal transmission is not understood clearly. Mori and colleagues (1980) reported that cinchocaine and amethocaine inhibited C-kinase isolated from rabbit brain with IC M = 0.4 and 1.2 mmol litre" 1 , respectively, and that they did not affect either cyclic AMP-or cyclic GMPdependent protein kinase. Schatzman, Wise and Kuo (1981) also showed that cinchocaine inhibited C-kinase isolated from rat cerebral cortex, pig spleen or bovine heart with IC 60 values greater than 1 mmol litre" 1 . These findings support our hypothesis that cinchocaine and amethocaine inhibit protein (de)phosphorylation by affecting C-kinase.
Local anaesthetics have been shown to displace calcium from lipid model membrane (Low et al., 1979) . Indeed, they have been reported to stimulate basal release of insulin from mouse pancreatic islets (Norlund and Sehlin, 1983 ) and the release of serotonin from rabbit platelets (Zilberman, Gutman and Koren, 1982) . The authors of these papers speculated that local anaesthetics induced an increase in the cytosolic free calcium concentration; this increase plays an important role in signal transmission in these cells. Cinchocaine and amethocaine, however, did not affect the intracellular free calcium concentration in human neutrophils monitored by Quin-2 fluorescence at the concentrations which inhibited superoxide production (Nakagawara, unpublished observation) . Calcium is essential to the induction of NADPH oxidase, but not to oxidase activity itself (Yamaguchi, Kaneda and Kakinuma, 1983 ).
An interaction with phospholipids, a reaction on a lipid-protein interface, a direct interaction with proteins and an extraction of membrane components resulting from redistribution of lipids and proteins are the possible modes in which local anaesthetics act on membranes (Maher and Singer, 1984) . Inhibition of C-kinase by cinchocaine is through a competitive interaction with phospholipids (Schatzman, Wise and Kuo, 1981) . Although Gabig and Babior (1979) showed that phosphatidylethanolamine, but not phosphatidylcholine or phosphatidylserine, enhanced the activity of a solubilized preparation of NADPH oxidase, Wakeyama did not observe these effects when he used phospholipids in his solubilized preparation (Wakeyama et al., 1982) . It seems likely that the inhibition of oxidase activity by local anaesthetics is not via the interaction of local anaesthetics and boundary phospholipids. Their inhibitory actions on multiple biochemical events in neutrophils might indicate their nonspecific sites of action.
In conclusion, both cinchocaine and amethocaine inhibit superoxide production in human neutrophils by affecting either signal transmission mechanisms or NADPH oxidase itself. Because of the high concentrations of local anaesthetics needed to produce these effects, the clinical relevance of these findings remains questionable.
However, local anaesthetics might facilitate inhibition of neutrophil functions that have already been induced by other causes.
